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(57) ABSTRACT

A method of monitoring material parameters of a sample (4)
(for example electrical properties of a semiconductor) dur-
ing processing (for example during manufacture) which uses
ellipsometric techniques to study the changes induced 1n the
cllipsometric spectra of the material, by modulation of the
internal electric field of the material, and determining from
these changes the material parameters of interest The means
of modulation can be a source of electromagnetic radiation,
for example a laser (8). The ellipsometer used may include
an array of photodetectors. The process allows the real time
monitoring of the process under examination.

12 Claims, 11 Drawing Sheets

LASER|_-8

SHUTTER '
9




US 6,362,881 Bl

Sheet 1 of 11

Mar. 26, 2002

8

U.S. Patent

6
|| ¥3LLNKS

a5Vl




U.S. Patent Mar. 26, 2002 Sheet 2 of 11

0.1

0.0

a.u.

2.0 3.0
ENERGY (eV)

0.4

0.2
3 DSE
(x1.4e-6)
0.0 \
1
2.0 30

ENERGY (eV)

US 6,362,881 Bl

4.0

4.0



U.S. Patent Mar. 26,2002  Sheet 3 of 11 US 6,362,881 Bl

Fig.3a
A€1
0.02
™
L
LS
M
©
an
@,
P '0.02
)
< DSE —l
x4e-07
-0.04
2.4

E
: l E1+A1
' |
|
l
|
|
| /
Il /
I\
1%,
1K
Y
DSE —
x4e-07 l‘, PSE
'
-0.04
2.4 2.8 3.2

ENERGY (eV)



, ,

Fig.4.

N

NORMALISED FIELD (PSE)

NORM
ALISED FIELD (THI20KNESS)

. Fig.5.
A
[ \
0 Eo I\ /N
0 . II \ /S
N ’ \ / h
w \ , N/
<] \ , \/
\ 1
\ 1
-0.05 \ /
\ !
\ /
\ ,’
\
I
\J
-0.1
1.4
1.
5 1.6 1.7

ENERGY (eV)



U.S. Patent Mar. 26,2002  Sheet 5 of 11 US 6,362,881 Bl

Fig.6a
E1
0.05 PSE
,I
/ \\
/ \ s
- ___/ \ / \\.
¢ OOb———-ceer—" \‘ ,/ T~ — S VA
\ /
\ /
\ /
\ /
\\ /
-0.05 DSE”’\,
30 3-4 3_8
ENERGY (eV)
F1g.6 b
0.05 i
[\
€2 I\
S
I t—DSE
/ \
/ \
f l
/ \
- ;’
TN | \ /
\ \ /
A \\ ’
A \ /
PSE \ A
\!
-0.05
>0 3.4 3.8

ENERGY (eV)



U.S. Patent Mar. 26,2002  Sheet 6 of 11 US 6,362,881 Bl

Fig.7a
£1
0.05
A
'\
I\
// \\. N
= -"‘""""'/ \ /, H""‘--—---...-—-...._.—
C Qo ————— ‘\ /
\ [
\ "
\
DSE—-——-\\ /
\ /
-0.05 N, PSE
3.0 3.4 N 3.8
ENERGY (eV)
Fig.7b
E2
0.05 ,\\
fA PSE
I \
/ \
3 DSE ,’ ‘l
° l T
""-\Jf l\ /
\ /
\ /
\\,—*
-0.05
3.0 3.4 3.8

ENERGY (eV)



—

w (A8) ADHINI (A®) ADHIN3

%0 2’ > 82 | 61 Ll Gl £l

K 1°0- |

o

% .

& \ b0'0-

Jp r v L

~ A%\ NF..
R T\ = >
~ IAY \ ’ \.\... 0

- v > ,

— . /\ \\ __\\ro_.

- N L

S $0°0

2 08 b1

(A3) ADHIN3 (A3) ADHINI
A 0'€E 82 . . L'l Gl el

- 1°0-

—

p $0"0-

N

=

> 0 ©

00

U.S. Patent



U.S. Patent Mar. 26,2002  Sheet 8 of 11 US 6,362,881 Bl

1.3 15 1.7 1.9 2.8 3.0 3.2
ENERGY (eV) ENERGY (eV)

Fig.9d

1.3 1.5 1.7 19 2.8 2.9 3.0 3.1
ENERGY (eV) ENERGY (eV)
Fig.9e

<AE1 >

2 3 4
ENERGY (eV) ENERGY (eV)



U.S. Patent Mar. 26,2002  Sheet 9 of 11 US 6,362,881 Bl

- N/
W
< \ /
-0.0251 \/
-0.05
1.8 2.0 2.2
ENERGY (eV)
Fig.10a
0.05}
~
& [\
< 0.025 / \
0.0
1.8 2.0 2.2

ENERGY (eV)

Fig.10b



U.S. Patent Mar. 26,2002  Sheet 10 of 11 US 6,362,881 Bl

Fig.11.
0.06
e ¢
e
L 16
O
-
=
g ®
2 0.03
% O
0
)
0.00
0.01 0.1 1 10

LASER POWER (mW)



U.S. Patent Mar. 26,2002  Sheet 11 of 11 US 6,362,881 Bl

Eo'
0.02
N\
W
<
0.0 I
E 1 I
Eq+A+
-0.02:—
2.5 3 35
ENERGY (eV)
FIg.12a
3.4 —
Eq
—~—— ®

/

/

!

/
ybv
I—O—ﬂ
_7

ENERGY (eV)

Co
o
KA
/
/

2.95

Ge FRACTION (%)

FIig.12b



US 6,362,881 Bl

1

IN-SITU MONITORING OF ELECTRICAL
PROPERTIES BY ELLIPSOMETRY

BACKGROUND OF THE INVENTION

1. Field of the Invention

Numerous areas of the electronics industry require elec-
tronic materials and devices with precisely specified elec-
trical properties. Material composition and strain are 1mpor-
tant parameters 1n determining a materials electronic
properties, whilst accurate positioning and magnitude of
dopants and interfaces 1n a device 1s essential to obtain
optimum performance. Achieving these specifications 1s
non-trivial and monitoring of electrical and material
information, as well as process parameters such as wafer
temperature, during fabrication and non-destructive testing
are desired to optin se material, device and system perfor-
mance.

2. Discussion of Prior Art

The largest areas of electronic production centres on the
use of semiconductors. Within the next ten years semicon-
ductor processing concepts are likely to undergo a funda-
mental change. Increasing demands for reduced dimensions
and increased complexity will lead to enormous costs for
conventional fabrication plants, which will become viable
only for high volume markets. Low volume application
specific devices and ICs will require more flexible, lower
cost manufacturing approaches. Single-waler processors,
which rely for flexibility and control of specification on
intelligent 1n-situ optical sensors, are seen as central to this
development Feedback control of primary process param-
cters will need to be 1mplemented 1n response to desired
waler parameters which will therefore need to be measured
rapidly in-situ. Optical techniques such as reflectance® and
Ellipsometry (including both single wavelength and Spec-
troscopic Ellipsometry” (SE)) are being developed to satisfy
this role. Though they provide detailed information on the
thickness and composition of a sample they are 1nsensitive
to electrical properties and this represents a major limitation
in their use. Techniques which can provide electrical infor-
mation 1n-situ and real-time have not been available. PSE 1s
such a technique. Standard in-situ optical diagnostics can
also be limited by their sensifivity to system variations
(polariser speed in SE and light intensity in reflectance)
which introduce errors in the calculated compositions and
thicknesses. Errors are greater when monitoring thin layers
where 1t becomes difficult to distinguish between the effects
of thickness and composition on measured spectra.

An unambiguous determination of composition using a
compatible technique which 1s msensitive to system varia-
tions would also simplify the interpretation of measured
spectra to give reliable thickness information.

Photo-modulated ellipsometry provides such a determi-
nation being insensitive to both system variations and epil-
ayer thickness effects (which complicate the interpretation
of reflectance and ellipsometry data) in the samples. In-situ
real-time measurement of temperature using SE 1s also
prone to errors introduced by system variations and the
presence of reflecting layers 1n a sample can introduce large
errors 1n radiation measurements such as pyrometry. PSE
provides a robust and rapid alternative method of measuring
temperature.

Photo-modulated ellipsometry is a relatively new charac-
terisation technique based on the high precision and electric
field sensitivity of a photomodulated measurement and the
insensitivity to noise and drift provided by ellipsometry.
Ellipsometry 1s based on the measurement of the change in

10

15

20

25

30

35

40

45

50

55

60

65

2

phase and amplitude of a light beam reflected from the
sample surface. The measured ellipsometry parameters, 1)
(amplitude ratio) and A (phase), can be related to the
effective dielectric constant (<E>=<C,>+1.<€,>) of the
sample, often referred to as the pseudo-dielectric function
for spectroscopic measurements. Complex analysis can pro-
vide the dielectric function of a single layer, =&, +1.&,, 1In
a multilayer sample or of a surface layer, which i1s important
for monitoring of dynamic processes such as epitaxial
orowth where the surface 1s changing. The dielectric func-
fion can provide information on material temperature, com-
position and strain, but little direct information relating to
clectric fields. Photomodulated spectroscopies, such as pho-
toreflectance (PR), use a laser beam to modulate surface and
interface electric fields. Derivative spectra, of the reflected
amplitude only, are obtained due to a field induced change
in the localised dielectric function of the sample. PSE uses
laser modulation 1n the same way yielding derivative spectra
of the SE parameters, 1 and A, and so Ac=A&, +1. A&, from
cach layer being modulated.

The similarity 1n origin of photo-modulated ellipsometry
and PR signals allows techniques for the analysis of PR
spectra to be adapted for use on PSE spectra. These are
based on Apnes’s third derivative approximation® which
allows the derivative spectra to be fitted to provide critical
point (CP) transitions energies in the material band structure

amplitudes and broadnesses, which can then be related to
material composition, strain, temperature and material qual-
ity. Observation of Franz-Keldish oscillations 1n the spectra
can also be used to evaluate electric fields.

Modulated ellipsometry measurements have been
reported as early as the late 1960s*” on metal samples, and
using an electrolyte for modulation. Measurements were
also made on Ge®’ but little has been reported in the
literature until 1990 when photo-modulated spectroscopic
ellipsometry was first reported®. Since then, several PSE
measurements have been reported on III-V semiconductor

structures using standard SE instruments™ .

PSE spectra were achieved using two different tech-
niques. Both techniques used the point-by-point wavelength
scans of the standard automated SE instruments. Xiong et
al'* "> measured SE parameters one wavelength at a time for
two mdividual SE spectra, one with the laser on and one with
the laser off. Dielectric function spectra were calculated
from these parameters and spectra with the laser off sub-
tracted from those with the laser on to give the A&. Both CP
transition energies’ >~ and electric field'*** i

information
were obtained from these spectra. Zettler et al®'® and
Vanderhaghen et al*> chopped the laser beam and used phase
sensifive detection to record PSE parameters.

SUMMARY OF THE INVENTION

[

According to this invention, a method of monitoring
material parameters, including electric field; composition;
strain; temperature or surface topography, during processing
of material, comprises the steps of modulating the internal
clectric field of the material monitoring the change spectra
that said modulation 1induces, using a real-time ellipsometer,
and relating said change spectra to any of said parameters.
The processing referred to includes manufacture and other
industrial processes intended to modify the properties of the
material.

The real time ellipsometer may be of the single wave-
length type or of the spectroscopic type.

The internal electric field of the sample may be modulated
using an electron beam or a laser. In the latter case, the
parameters may further include laser power and laser align-
ment.
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BRIEF DESCRIPTION OF THE DRAWINGS

The invention will now be described with reference to the
following figures of which:

FIG. 1 shows a schematic representation of the apparatus
used to obtain automated, real-time PSE measurements;

FIG. 2 shows a comparison of PSE spectra, measured
ex-situ on a S1 sample at room temperature, with the third
differential of the reference dielectric function spectra of
Sit%;

FIG. 3 shows a comparison of PSE spectra measured
ex-situ on a GaAs sample at room temperature with the third
differential of the reference dielectric function spectra of
GaAs'®:

FIG. 4 shows a comparison of the normalised variation of
clectric field calculated from PSE measurements at four
positions on a 100 mm {Si(cap)/Si, -oGe, »,/Si(p*)/Si(100)}
sample with the field variation expected from a thickness
variation in the total Si(cap)+Si, ,oGe,,, thickness calcu-
lated from spectroscopic ellipsometry measurements at the
same positions;

FIG. 5 shows FKO oscillations in the real part of the PSE
measurement for a GaAs sample;

FIGS. 6 and 7 show comparisons of PSE spectra, mea-

sured in-situ in 60s and 120s respectively, on a p™ Si
substrate at room temperature, with the third differential of
the reference dielectric function spectra of Si;

FIG. 8 shows a comparison of spectra, measured ex-situ
in 0.5s,1 sand 60 s, on a GaAs sample at room temperature;

FIG. 9 shows a comparison of PSE spectra, measured
ex-situ 1n 60 s on a GaAs sample at room temperature, along
with the corresponding SE spectra measured without laser
illumination;

FIG. 10 shows PSE spectra in the wavelength range of the
excited HeNe laser line for laser powers (in mW) of 3.2, 1.3,
0.3 and 0.01

FIG. 11 shows the variation 1n amplitude of differential
structure 1n the PSE spectra as a function of modulating laser
power for GaAs and S1 and

FIG. 12 shows a PSE specimen obtained from an S1/S1,_,
Ge /Si(P") sample, for which x=0.2, and the variation in
position of differential structure 1n the PSE spectra as the
composition, X, varies.

DETAILED DISCUSSION OF PREFERRED
EMBODIMENTS

In this section a description 1s given of the method used
to obtain 1n-situ PSE spectra 1n times as short as 0.5 s. Such
short acquisition times are consistent with that required for
real-time process control 1n systems where typical growth

rates of 1 monolayer/second are exhibited, such LPVPE
growth of S1/S51Ge.

First, a description of the experimental set-up and sample
crowth 1s given. Following this two measurements are
described, one ex-situ (i.e. on a goniometer specifically
designed for doing such measurements), and two in-situ (i.e.
where the instrumentation used was brought to the sample)
to demonstrate the proposed technique and its use.
Experimental Set-up

Rapid room-temperature PSE measurements on S1 and
S1Ge/S1 samples are described. The PSE measurement is
based on use of a SOPRA MOSS OMA imstrument to
provide SE spectra. The PSE spectra are calculated as the
difference between two SE spectra, one measured with laser
illumination of the sample, and one without. PSE spectra

10

15

20

25

30

35

40

45

50

55

60

65

4

obtained from samples located ex-situ, and in-situ 1n a
orowth reactor are presented. Both were measured using the
same SE 1nstrument.

A schematic of the PSE set-up 1s shown 1n FIG. 1. Light
from a Xe lamp 1 passed through a rotating polariser 2
provides the probe beam 3 which 1s reflected from the
sample 4 through a fixed analyser § mto an optical fibre 6.
The optical fibre passes the light into a prism monochroma-

tor 7 1n which the dispersed light 1s detected by a 1024 pixel
diode array. The signal 1s averaged over groups of pixels.
The available groupings includes 4 pixels, which 1s used
ex-situ, and 8 pixels which is 1n-situ. This gives 1improved
signal/noise ratio but reduced spectral resolution for the
in-situ spectra. Data acquisition and processing 1s fully
automated to give the experimental tan 1, cos A spectra. A
laser 8 1s shuttered between SE measurements (by means of
shutter 9) to give modulated and unmodulated SE spectra.
An Ar™ 1on laser is used for in-situ measurements whilst a
HeNe laser 1s used for measurements made ex-situ. In both
cases the laser power at the sample 1s 10 mW unless stated
otherwise. In-situ measurements are made with the sample
housed 1n a low pressure stainless steel vapour phase epitaxy
chamber which and with an angle of incidence of 70°.
Ex-situ measurements were made at 75° with the sample and
SE 1nstrument mounted on a variable angle goniometer.
Both angles of incidence are close to the Brewster angle of
S1, considered most sensitive for SE.
Theory

The method of analysis used to 1llustrate the invention 1s
based on Aspne’s low field theory’. This states that the
change 1n dielectric function (A&=A&, +1.A&,) 1n the region
of a direct critical point transition, E_. brought about by a
change 1n electric field, F, 1s given by equation 1,

3 |
Ale] +i-5) = (ﬁ@)?’;;ﬁg(al (E—-E, D) +i-ep(E-Eg I) =

where E is a spectral energy and I' is a broadness. (n6)” is
the electro-optic energy given by,

1 2)

3 _
(70)” = o

where u 15 the interband effective mass 1n the direction of the
field and g and m have their usual meanings. Comparing
equations 1 and 2 it can be seen that, 1f the photo-modulated
ellipsometry signal (AE), the third derivative of the dielec-
tric constant and the effective mass are known, the electric
field can be evaluated. Comparison between third derivative
dielectric function spectra (DSE spectra) and theoretically
evaluated (A€) spectra has been reported as a method of
predicting u'’, however, use of experimental photo-
modulated ellipsometry spectra to obtain F 1s not known 1n
the prior art. The right hand side of equation 1 can be fitted
using a variety of lineshapes and functions’. Typically F, a
phase, an amplitude and a CP energy gap, E_, are obtamed
as fitting parameters. The strain, composition and tempera-
ture of a material can be predicted from the values of E,
obtained from one or more CP transitions.
PSE Measurement and Analysis
Field Measurements Without FKO Oscillations

FIG. 2 shows the ex-situ room temperature PSE measure-
ments (A€, and AE,) obtained using a 4 pixel grouping
from a sample which consisted of an undoped layer of Si
orown epitaxial on a p* S1 substrate. The integration time
was 200 s per SE spectrum (400 s for a PSE measurement).
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Spectra of the third derivative of the dielectric function
spectra of Si'®, d*(E;)/dE>, where Eg=€, ¢, +iE, s, Which
have been scaled to match the PSE are also shown 1n the
range 3.0-3.8 e¢V. The origin of the Lorentzian feature at
~3.4 eV seen 1n both spectra 1s the dominant E,' critical point
fransition. As can be seen, the spectral lineshapes compare
well. Use of equations 1 and 2 gives an electric field

1.4%107% - nu
b= o

where n 1s a constant to allow for the degeneracy of the
minima with effective mass u. For S1, and other situations
where FKO oscillations are not seen, relative changes in
clectric field can be monitored by analysing PSE measure-
ment using this equation. Absolute electric fields could be
evaluated once correct values of ¢ and n are established and
provided effects such as exchange-and-correlation and non-
unifom fields, which can modily the PSE spectra, are
quantified, or shown not to be significant. The peak in the
PSE spectra at ~2 eV 1s caused by non-specular laser light
being scattered from the sample 1nto the SE detector and the
increase 1n the experimental noise on the PSE spectra above
3.6 ¢V 1s due to a reduction 1n the mtensity of the SE probe
beam. FIG. 3 shows the ex-situ room temperature PSE (A&,
and AE,) obtained from a undoped GaAs layer on an n”
GaAs substrate measured using the same experimental con-
ditions as described for FIG. 2 above. Spectra of the third
derivative of the dielectric function spectra of GaAs™® which
have been scaled to match the PSE are also shown in the
range 2.4-3.4 e¢V. The origin of the Lorentzian feature at
~2.9 eV seen 1n both spectra 1s the dominant E, critical point
fransition 1n whilst that at ~3.15 eV corresponds to the
E.+A, critical point transition. Again, the spectral lineshapes
compare well.
Sensitivity to Changing Fields

For a large range of in-situ real-time applications 1t may
be sufficient that the PSE should provide relative field
values. An 1llustration of the results that can be obtained 1s
shown 1n FIG. 4. This shows the electric field calculated
using PSE spectra recorded at positions with different Si cap
thickness 10 mm apart along a radius of a 100 mm {Si/
Siy +0Geq »1/Si(pT)/Si(100)} sample wafer. These are com-
pared with the variation expected from thicknesses evalu-
ated using scanning spectroscopic ellipsometry (SE) spectra
obtained at the same positions. Both sets of results are
normalised to the measurement made nearest the wafer
centre. A constant thickness and alloy composition of
S1, -.Ge, -, epilayer was found from the scanning SE at all
four positions whilst cap thicknesses varied from 31 nm to
18.5 nm. The radial reduction in S1 cap thickness starting 20
mm from the wafer centre means the electric field across the
insulating S1 cap and Si, ,,Ge, ,, epilayers will increase
towards the wafer edge, as 1s 1illustrated 1n FIG. 4. The
agreement 1n field variation evaluated from SE and PSE i1s
excellent.
Field Measurements Using FKO Oscillations

Electric fields are routinely obtained from modulation
spectra where FKO are observed. One approack 1s to cal-
culate the electro-optic energy from the position of oscilla-

fion extrema. This 1s true of the PSE spectra discussed here

also. FIG. 5 shows that FKO can be observed using the PSE
measurement described here. The data 1s from a different

spectral range of the PSE measurement of the GaAs sample
described above. The FKO can be seen above the E, critical

point of the GaAs sample.

(3)
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In-situ Measurements

FIGS. 6 and 7 compare DSE spectra for S1 with m-situ
room temperature PSE measurements made on p™ Si sub-
strates using an 8 pixel grouping. The PSE spectra of FIG.
3 were obtained 1n 60 s and those m FIG. 4 were obtained
immediately afterwards but in 120 s. An unintentional offset
caused by drift in the speed of the rotating polariser 1s seen
in the PSE spectra which should have approximately zero
amplitude at 3 and 3.8 eV. This error was not seen 1n the
ex-situ PSE measurements, such as that in FIG. 2. The
mstrument used to obtain the ex-situ measurements had a
digitally controlled polariser motor whercas that used to
obtain the 1n-situ measurements had an analogue controlled
motor. The improvement 1n signal/noise for longer accession
time 1s apparent in comparing FIGS. 6 and 7. Also, the PSE
spectra 1n FIGS. 6 and 7 are broader than that shown 1n FIG.
2 due to the reduced resolution obtained when using a larger
pixel grouping. The DSE spectra were scaled by 7¢e—07 and
8e—08, respectively, to match the PSE. Comparison of the
two figures demonstrates consistency in scale and lineshape
of sequential PSE spectra obtained 1n-situ.
Rapid Measurements

FIG. 8 compares three room temperature PSE spectra
measured using a 4 pixel grouping and integration times of
055 10,1 s 11 and 60 s 12 on a sample consisting of an
undoped GaAs epilayer on an n™ GaAs substrate. Lorentzian
features corresponding to the E; (1.4-1.5 eV) E; (~2.9 €V)
CP transitions are evident in all three spectra The peak-to-
peak amplitude and energy position of the Lorentzians in the
three spectra are the same to within the error represented by
the experimental noise on the PSE spectra. The E;+A; (~3.2
eV) CPs are only evident above the noise in the 1 s and 60
s spectra. That spectra are observed and show stable CP
position and magnitude demonstrates the ability of the
technique to provide near real-time monitoring of field
composition, strain and temperature during processes which
occur on a 0.5 s time-scale, such as epitaxial growth.

After the first laser-on then laser-off measurement, which
takes two SE scans, and so twice the SE scan time to acquire
a single PSE spectra, continuous monitoring using SE spec-
tra with the laser alternately on then off gives a PSE spectra
after each SE scan by subtracting the last SE scan (alternate
PSE spectra will have the opposite sign). Improvements in
system stability and signal/noise will be obtaimned with the
advent of the next generation of RTSE instruments making
sub 1 s PSE repeat time a viable option.
Stability of the PSE Measurement

FIGS. 9a, 9b, 9¢ and 9d shows a comparison of seven
room temperature PSE spectra measured with integration
times of 60 s with a 4 pixel grouping on a sample consisting
of an undoped GaAs epilayer on an n* GaAs substrate. The
PSE spectra were recorded using SE measurements made
with different calibrations. The SE measurements made
without laser 1llumination are shown 1n FIGS. 9¢ and 6f. The
SOPRA OMA measurement uses three calibration
parameters, A, (value of the analyser at the plane of
incidence), aP and BP (zero crossing and gradient to allow
for the rotation of the polariser during a measurement). Each
was varied by +/-10% to give a pair of curves with the same
line type 1n FIG. 9. This represents a larger variation than
would be expected from normal system variations which 1s
evident from the large difference 1n the measured SE spectra
in FIGS. 9d and 9¢. The solid curves were measured with the
correct (measured) calibration. As can be seen there is no
appreciable difference in the PSE spectra for variations 1n
the parameters A, and aP. This insensitivity i1s especially
important 1 the case of A, which can vary during a
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monitoring run due to changes 1n sample position/alignment
caused by heating etc. A noticeable variation in the position
of the PSE peaks 1in FIGS. 9b and 9d suggest that the PSE
spectra are more sensitive to JP. The shift in energy position
of the absorption edge and peaks seen 1n the corresponding
SE spectra would introduce a large error in the composition,
strain or temperature derived from an analysis of the SE
spectra of an alloy such as strained In _Ga,__As or S1 Ge,_ .
(c.g. the shift in absorption edge is as large as 0.38 eV
corresponding to a change in x of >0.25"-%° for both these
alloys).

The variation in CP position seen in the PSE spectra
however would be seen as a variation 1n alloy composition
of =0.01"*°, emphasising the insensitivity of the PSE
technique to system variations which effect the SE calibra-
fion.

PSE Sensitivity to Laser Power

FIG. 10 compares a restricted wavelength region of four
room temperature PSE spectra measures using a 4 pixel
grouping and integration times of 200 s on a sample con-

sisting of an undoped GaAs epilayer on an n* GaAs sub-
strate. The spectra are measured with different intensities of
HeNe laser used to modulate the sample for the PSE
measurement. It 1s to be noted that the laser alignment 1s
such that the laser light being detected 1s due to scattering of
laser light from the wafer rather than the specular laser
beam. As can be seen the intensity of the peak in the PSE
spectra varies monotonically with laser power. The 1ntensity
of this peak can therefore be used as a monitor of effects
which vary the amount of scattered laser light entering the
SE detector. These could include variations in the laser
power, varlations 1n the laser/sample alignment or variations
in the surface topography of the sample.

FIG. 11 compares the amplitudes of differential structure
associated with the E, critical pomt in the PSE spectra of
GaAs. From this variation the laser power may be measured.
Above 2 mW of laser power the amplitude saturates and
information on the laser power 1s not available from this
experiment.

PSE Sensitivity to Composition

FIG. 12a shows the PSE specta obtained from a Si(cap)/
Siy ¢Ge, »/Si(pT) sample. Differential structure originating
from the E' critical point 1n the Si cap and from the E, and
E.+A, critcal pomnts 1n the Si, ;Ge,, alloy are seen. The
arrows show the energy positions of the critical points
calculated by fitting Lorentzian lineshapes to the measured
PSE spectra. Being composition dependent, the energy
positions of critical points 1n alloys such as Si,__Ge_ allow
the alloy compositon, X, to be determined from the PSE
spectra. FIG. 12b shows the variation 1n the energy position
of the the E, and E,+A, critcal points for a range of alloy
compositions, X, of the S1,_ Ge_ alloy.

Single Wavelength Measurements

The stability 1n energy position and magnitude of the
observed CP structure in the PSE spectra from a sample
means that single wavelength PSE measurements made at an
energy position where CP structure 1s observed could be
calibrated to yield similar information to the spectroscopic
measurements, provided not more than one parameter was
being monitored per wavelength of PSE spectra recovered.
Superior signal recovery techniques could be used 1n this
case such as phase sensitive detection.
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What 1s claimed is:
1. A method of monitoring material parameters during
processing of said material, comprising the steps of:

modulating the internal electric field of the material,

monitoring, by using a real-time ellipsometer, derivative
spectra that said modulation 1induces, and

determining said parameters from said derivative spectra.

2. The method of claim 1 where the derivative spectra are
monitored by illuminating the material using an intensity
unmodulated probe beam (3).

3. The method of claim 1 where the real time ellipsometer
1s of the spectroscopic type.

4. The method of claim 3 where the derivative spectra are
monitored by dispersing the radiation reflected from the
material and by detecting the dispersed radiation by means
of a photodetector array.

5. The method of claim 1 where the real time ellipsometer
1s of the single wavelength type.

6. The method of claim 1 where the internal electric field
of the sample 1s modulated using a charged particle beam.

7. The method of claim 6 where the internal electric field
of the sample 1s modulated using an electron beam.

8. The method of claim 1 where the mternal electric field
of the sample 1s modulated using a source of electromag-
netic radiation.

9. The method of claim 8 where the internal electric field
of the sample is modulated using a laser (8).

10. A method of monitoring material parameters during
processing of said material, comprising the steps of modu-
lating the internal electric field of the material, using a
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real-time ellipsometer to monitor derivative spectra that said
modulation 1nduces, and determining said parameters from
said derivative spectra, where the internal electric field of the
sample 1s modulated using a laser, where the parameters
further include laser power and laser alignment.

11. A method of monitoring material parameters during
processing of said material, comprising the steps of modu-
lating the internal electric field of the material, using a
real-time ellipsometer to monitor derivative spectra that said
modulation induces, and determining said parameters from
said derivative spectra, where the derivative spectra 1is
related to one of the material parameters by substituting the
values of photo-modulated ellipsometry signal, the third
derivative of the dielectric constant and the effective mass
into the equations that define Aspne’s low field theory.

12. A method of monitoring material parameters during
processing of said material, comprising the steps of modu-
lating the internal electric field of the material, using a
real-time ellipsometer to monitor derivative spectra that said
modulation induces, and determining said parameters from
said derivative spectra, where the derivative spectra 1is
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related to one of the material parameters by means of the
equation:

Y (1)
Ale; +i-8y) = (qa)?*W(EI(E—Eg, [) +i-83(E—E,, T)

where A(€,+1.€,) is the change 1n the dielectric function E
is a spectral energy and I is a broadness and (m0)> is the
clectro-optic energy given by,

qzﬂze

2u

(2)

(n0) =

I

where ¢ 1s the 1mnterband effective mass in the direction of
the filed, and by substituting the values of photo-
modulated ellipsometry signal, the third derivative of
the dielectric constant and the effective mass 1nto
equations 1 and 2 thereby determining the electric field.
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